Endothelial colony-forming cells (ECFCs) are endothelial precursors that circulate in peripheral blood. Studies have demonstrated that human ECFCs have robust vasculogenic properties. However, whether ECFCs can exert trophic functions in support of specific stem cells in vivo remains largely unknown. Here, we sought to determine whether human ECFCs can function as paracrine mediators before the establishment of blood perfusion. We used two xenograft models of human mesenchymal stem cell (MSC) transplantation and studied how the presence of ECFCs modulates MSC engraftment and regenerative capacity in vivo. Human MSCs were isolated from white adipose tissue and bone marrow aspirates and were s.c. implanted into immunodeficient mice in the presence or absence of cord blood-derived ECFCs. MSC engraftment was regulated by ECFC-derived paracrine factors via platelet-derived growth factor BB (PDGF-BB)/platelet-derived growth factor receptor (PDGFR)-β signaling. Cotransplanting ECFCs significantly enhanced MSC engraftment by reducing early apoptosis and preserving stemness-related properties of PDGFR-β + MSCs, including the ability to repopulate secondary grafts. MSC engraftment was negligible in the absence of ECFCs and completely impaired in the presence of Tyrphostin AG1296, an inhibitor of PDGFR kinase. Additionally, transplanted MSCs displayed fate-restricted potential in vivo, with adipose tissue-derived and bone marrow-derived MSCs contributing exclusive differentiation along adipogenic and osteogenic lineages, respectively. This work demonstrates that blood-derived ECFCs can serve as paracrine mediators and regulate the regenerative potential of MSCs via PDGF-BB/PDGFR-β signaling. Our data suggest the systematic use of ECFCs as a means to improve MSC transplantation.
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vasculogenesis | adipogenesis | osteogenesis | angiocrine factors E ndothelial colony-forming cells (ECFCs) are a subset of progenitor cells that circulate in peripheral blood. The identification of ECFCs in humans created a promising opportunity to noninvasively derive large quantities of autologous endothelial cells (ECs) for clinical use (1) (2) (3) . Indeed, a growing body of preclinical studies has substantiated the therapeutic potential of ECFCs. Initial demonstrations included using ECFCs to endothelialize cardiovascular grafts as a means to achieve effective antithrombogenicity and vascular patency in vivo (4) . Studies have also demonstrated that human blood-derived ECFCs have inherent and robust vasculogenic properties. Following transplantation into immunodeficient mice, ECFCs can self-assemble into long-lasting microvascular networks that anastomose with the host vasculature (5, 6) . The function of ECFC-lined microvessels has been shown to be similar to that of normal microvessels in several respects, including nonthrombogenicity, blood flow, regulation of macromolecule permeability, and capacity to induce leukocyte-endothelial interactions in response to cytokine activation (5, 7) .
Beyond lining cardiovascular structures, ECs regulate multiple physiological processes through the secretion of angiocrine factors (8) . During development, the endothelium provides paracrine signals to assist the formation of various organs, including liver and pancreas (9, 10) . Emerging evidence indicates that ECs also regulate postnatal homeostatic and regenerative processes via paracrine production of stem cell-active trophic factors (11) . For example, signals from bone marrow microvascular ECs are essential for selfrenewal and repopulation of hematopoietic stem cells (12) . Similarly, EC-derived paracrine signals stimulate self-renewal and in situ expansion of stem cells residing in lung, liver, and neural tissues, contributing to the regeneration of these tissues upon injury (13, 14) . Despite this trophic potential, current therapeutic uses of ECFCs remain largely focused on harnessing their inherent blood vessel-forming capacity. However, whether ECFCs can exert trophic functions in support of specific stem cells in vivo is largely unknown.
Here, we investigated whether human cord blood-derived ECFCs can function as paracrine mediators before the establishment of blood perfusion. Toward this aim, we used two preclinical xenograft models of human mesenchymal stem cell (MSC) transplantation and studied how the presence of ECFCs modulates MSC engraftment and regenerative capacity in vivo.
Results

Blood-Derived ECFCs Provide Trophic Support to MSCs Before the
Onset of Neovascularization and Blood Perfusion. We examined the paracrine role of ECFCs following s.c. transplantation of human MSCs into immunodeficient mice. We used a model in which both ECFCs and MSCs are embedded as single cells in Matrigel
Significance
Endothelial colony-forming cells (ECFCs) circulate in peripheral blood and contribute to the formation of new vasculature. Here, we demonstrate that ECFCs can also function as paracrine mediators prior to the establishment of blood perfusion, modulating the regenerative potential of human mesenchymal stem cells (MSCs). We show that MSCs are highly dependable on plateletderived growth factor BB and that ECFCs provide critical angiocrine factors needed to preserve MSCs as viable. This early angiocrine support ultimately enables extensive engraftment and long-term differentiation of transplanted MSCs. This study provides new insights into the biological attributes of ECFCs that may expand their therapeutic potential. We foresee the use of ECFCs as a means to improve the outcome of MSC transplantation. (Fig. 1A) . ECFCs progressively assembled into functional capillaries in vivo. The percentage of ECFCs that formed part of perfused vessels was determined at time intervals following i.v. infusion of rhodamine-conjugated UEA-1 lectin (hCD31 Fig. 1 A-C ). There were three distinct phases with regards to ECFC contribution into perfused vascular structures: (i) an initial 3-d lag phase where most ECFCs were still not part of a perfused blood vessel (>93% ECFCs were UEA-1 − at day 3; Fig.  1B) ; (ii) a transitional phase between days 3 and 8 where ECFCs rapidly incorporated into perfused vasculature; and (iii) a phase of complete perfusion (>99% UEA-1 + ECFCs by day 14; Fig. 1B ). Thus, day 3 was identified as the onset of perfusion (Fig. 1B) . Before this onset, ECFCs were uniformly distributed throughout the implants but not as part of perfused lumens (Fig. 1C) .
To study flow-independent cellular functions, we cotransplanted ECFCs with MSCs and examined the grafts during the initial perfusion-free period. We studied the effect of ECFCs on two distinct human MSCs obtained from the stromal vascular fraction of normal white adipose tissue (watMSCs) and bone marrow aspirates (bmMSCs). Both watMSCs and bmMSCs were isolated based on their colony-forming unit-fibroblast (CFU-F) activity (SI Appendix, Fig. S1 ), and their phenotype and purity were extensively characterized before implantation (SI Appendix, Figs. S1 and S2). Also, both watMSCs and bmMSCs had a similar capacity to support vasculogenesis in vivo (SI Appendix, Fig. S3 ). Examination of cells in the grafts at day 2 revealed a marked lost of MSC viability in the absence of ECFCs, a process that occurred via cell apoptosis (Fig. 1D) . The prevention of MSC apoptosis by ECFCs suggested a trophic support that preceded the onset of neovascularization. Indeed, at day 2, only 13 ± 2% of all watMSCs were apoptotic when cotransplanted with ECFCs, as opposed to 66 ± 2% in single-cell grafts (Fig. 1E) . Similarly, bmMSC apoptosis was reduced from 37 ± 3% to 16 ± 3% in the presence of ECFCs (Fig. 1E) . Moreover, this trophic function was mediated by ECFC-derived paracrine factors; providing ECFC-conditioned media (ECFC-CM) in implants without ECFCs significantly reduced apoptosis of both watMSCs and bmMSCs (Fig. 1E) . As expected, the early prevention of MSC apoptosis by ECFCs produced a significant increase in the number of viable MSCs that were effectively available at day 7 in already perfused grafts ( Fig. 1F; SI Appendix, Fig. S4 ).
Loss of MSC Regenerative Capacity in the Absence of Early Angiocrine Support. To gain further insights into the trophic support provided by ECFCs, we evaluated whether MSCs had undergone functional changes following transplantation. To this aim, MSCs were implanted with or without ECFCs into GFP-SCID mice. MSCs were then retrieved at day 7 and purified by virtue of hCD90 expression ( Fig. 2A; SI Appendix, Fig. S5 ). We observed that the CFU-F activity of MSCs was better preserved in the presence of ECFCs ( Fig. 2 B and C) . Indeed, watMSCs retrieved at day 7 from implants coseeded with ECFCs maintained significantly more CFU-F activity (42 ± 3 colonies) than those from implants without ECFCs (13 ± 2 colonies) (Fig. 2C) . Similar results were found on retrieved bmMSCs (42 ± 9 colonies with ECFCs versus 12 ± 5 colonies without ECFCs; Fig. 2C ). Of note, we ensured that we enumerated only colonies with CFU-F activity that originated from retrieved human MSCs and thus lacked both GFP expression and UEA-1-binding affinity (SI Appendix, Fig. S6 ). In addition, cotransplanting ECFCs altered the ex vivo differentiation potential of retrieved MSCs. The percentage of randomly selected clones that retained adipogenic, osteogenic, and double differentiation potential decreased when the parental MSCs were derived from implants without ECFCs, an observation that was valid for both watMSCs and bmMSCs ( Fig. 2 D and E) . Taken together, the trophic support provided by ECFCs not only improved short-term MSC engraftment, but also helped to preserve the clonogenic and differentiation potential of the transplanted MSCs. Next, we examined the in vivo regenerative capacity of MSCs. First, we studied long-term adipogenic engraftment of watMSCs using a xenograft model of s.c. transplantation into immunodeficient mice. Histological examinations of explanted grafts revealed a marked difference in adipocyte content depending on whether ECFCs were cotransplanted with MSCs (Fig. 3A) . After 28 d, adipocyte density in implants seeded with watMSCs+ ECFCs (418 ± 45 adipocytes/mm 2 ) was significantly higher than in grafts with only watMSCs (19 ± 6 adipocytes/mm 2 ) (Fig. 3C) . The effect of ECFCs on adipocyte density was observed in both Matrigel (Fig. 3) and collagen/fibronectin hydrogels (SI Appendix, Fig. S7 ). In addition, watMSC-derived adipocytes were highly similar in size to native adipocytes (Fig. 3D) , which indicated mature differentiation. Perilipin-A + adipocytes that originated from donor MSCs were identified by virtue of human vimentin expression (h-vimentin; Fig. 3B ; see SI Appendix, Fig.  S8 for antibody specificity). At day 28, grafts were completely surrounded by host s.c. adipose tissue (perilipin-A + /h-vimentin − ;  Fig. 3B) ; however, the adipocytes found inside watMSCs+ ECFCs implants originated mostly from donor human MSCs (92 ± 4%; Fig. 3E ). In contrast, the donor MSC contribution to adipocytes was significantly reduced in grafts without ECFCs (12 ± 3%; Fig. 3E ). This ECFC support to MSC engraftment was confirmed in GFP-SCID mice, where the relative contribution of host and donor cells was elucidated by virtue of GFP expression (SI Appendix, Fig. S9 ). In addition, we corroborated the changes in differentiation potential by transplanting retrieved MSCs into secondary mice (Fig. 3F ). Only watMSCs that had been primarily transplanted with ECFCs were able to differentiate along the adipogenic lineage (h-vimentin + /perilipin-A + cells) in secondary grafts (Fig. 3F ).
Implants seeded with bmMSCs+ECFCs also had numerous adipocytes at day 28 (Fig. 3B) . However, unlike with watMSCs, adipocytes were entirely of murine origin (h-vimentin − /perilipin-A + ) (Fig. 3E) , indicating that in vivo adipogenic differentiation potential was restricted to adipose tissue-derived MSCs. Differentiation along adipogenic lineage was also confirmed at the mRNA level by expression of adipose-specific hormones, adipokines, and transcription factors. Implants seeded with watMSCs+ECFCs expressed human-specific FABP4, PPARγ, C/EBPα, leptin, adiponectin, adiposin, and LPL at higher levels than in grafts seeded with either watMSCs alone or with bmMSCs+ ECFCs (Fig. 3G) . This presence of adipose-specific factors in watMSCs+ECFCs grafts was indicative of adequate human adipocyte function at day 28.
Next, we studied the effect of ECFCs on bmMSC engraftment and osteogenic differentiation using an ectopic BMP-2-induced s. c. model. Histological examinations of von Kossa-stained sections from grafts revealed marked differences in the extent of tissue mineralization achieved with or without ECFCs (Fig. 4A) . At 28 d, the percentage of mineralized area in implants seeded with bmMSCs+ECFCs (2.9 ± 1.9%) was significantly higher than in implants with only bmMSCs (0.1 ± 0.1%). Of note, unlike other reports that used stiffer polymeric scaffolds (15), mineralization inside Matrigel was completely dependable on the provision of BMP-2 (Fig. 4C) . BMP-2-stimulated grafts had numerous osterix + osteoblasts distributed throughout the implant (Fig. 4B ). Most osteoblasts found inside implants seeded with bmMSCs+ ECFCs originated from donor human MSCs (osterix + /h-vimentin + cells; 62 ± 9%; Fig. 4D ). In contrast, differentiation of donor MSCs into osteoblasts was significantly reduced without ECFCs (8 ± 2%; Fig. 4D ). Grafts seeded with watMSCs+ECFCs also had numerous osterix + osteoblasts at day 28 (Fig. 4B) . However, unlike with bmMSCs, osteoblasts were entirely of murine origin (h-vimentin − /osterix + ) and did not originate from donor watMSCs, indicating fate-restricted potential. Moreover, only bmMSCs that had been transplanted with ECFCs in primary mice were able to differentiate into human osteoblasts (h-vimentin + /osterix + cells) upon transplantation into secondary mice (Fig. 4E) . In contrast, bmMSCs that were primarily transplanted without ECFCs had completely lost their capacity to differentiate in secondary grafts (Fig. 4E) . At the mRNA level, expression of human-specific RUNX2, SOX9, and osterix was higher in grafts seeded with bmMSCs+ECFCs than in those with either bmMSCs alone or with watMSCs+ECFCs (Fig. 4F) . Additionally, implants seeded with bmMSCs, but not watMSCs, expressed high levels of human osteopontin and osteocalcin (Fig.  4F) , indicating ongoing mineralization by human osteoblasts.
Taken together, we demonstrated that before the onset of vascularization the absence of early angiocrine support compromised the regenerative capacity of both watMSCs and bmMSCs.
Endothelial Modulation of MSC Regenerative Capacity Is Driven by
Paracrine Platelet-Derived Growth Factor BB Signaling. To elucidate which angiocrine signals were involved in supporting MSC engraftment, we first identified ECFC-derived factors that were secreted only by ECFCs and not by MSCs, including endothelin 1 (ET-1), platelet-derived growth factor (PDGF)-AA, EGF, PDGF-BB, heparin binding-EGF, and basic fibroblast growth factor (angiocrine factors; Fig. 5A ). Among these candidates, we focused on PDGF-BB because this angiocrine factor was consistently absent in ECFC-MSC cocultures, suggesting preferential utilization by MSCs (Fig. 5B) . Also, transcriptional expression of PDGF-B was restricted to ECFCs, whereas its receptor [plateletderived growth factor receptor (PDGFR)-β] was preferentially expressed by MSCs (Fig. 5C) . Indeed, ECFCs expressed PDGF-B constitutively both in vitro and in vivo (SI Appendix, Fig. S10 ). Adding PDGF-BB (100 ng) to our grafts significantly increased the number of viable MSCs at day 2, even in the absence of ECFCs (Fig. 5D) . Also, the in vivo trophic support provided by ECFCs was effectively neutralized with Tyrphostin AG1296, an inhibitor of PDGFR kinase (Fig. 5D) . Moreover, blocking PDGF-BB/ PDGFR-β signaling in grafts containing ECFCs altered the clonogenic and differentiation potential of transplanted MSCs (SI Appendix, Fig. S11 ), even though AG1296 did not interfere with the vascularization of the grafts in vivo (SI Appendix, Fig.  S12 ) and did not induce apoptosis nor impair the differentiation potential of MSCs in vitro (SI Appendix, Fig. S13) . Notably, blocking PDGF-BB/PDGFR-β signaling (via one single dose of AG1296) completely abrogated the long-term regenerative capacity of MSCs. Subcutaneous implants containing watMSCs+ ECFCs and treated with AG1296 at the time of implantation had no detectable human perilipin-A + adipocytes by day 28 (Fig. 5E ). Additionally, silencing PDGF-B expression in ECFCs via siRNA produced a partial reduction in the number of viable watMSCs present in the grafts at day 2 (SI Appendix, Fig. S14 ). Similarly, provision of AG1296 impaired BMP-2-driven differentiation of bmMSCs along the osteogenic lineage, with no detectable human osterix + osteoblasts by day 28 (Fig. 5F ). Finally, despite the fact that provision of PDGF-BB enhanced short-term MSC survival in the absence of ECFCs (Fig. 5D) , this factor alone did not permit long-term differentiation of transplanted MSCs (SI Appendix, Fig. S15 ), indicating that a single dose of 100 ng of PDGF-BB was insufficient to replace the full trophic potential of ECFCs.
To further elucidate the role of PDGF-BB, we examined the spatial distribution of PDGFR-β expression on transplanted MSCs.
MSCs occupied both perivascular (h-vimentin
+ /α-SMA + ) and interstitial (h-vimentin + /α-SMA − ) locations within the implants (SI Appendix, Fig. S16 ). However, the perivascular contribution was significantly more abundant when MSCs were cotransplanted Table S1 ). Data are normalized to human β-actin (ACTB). [Scale bars: 1 mm (A, Upper); 200 μm (A, Lower; E, Upper); 3 mm (A, Insets); 50 μm (B, Upper); and 10 μm (B and E, Lower).] Bars represent mean ± SEM (n = 4 mice per group). *P < 0.05. **P < 0.01 compared with grafts with MSCs alone. .] Bars represent mean ± SEM (n = 4 mice per group). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with grafts with MSCs alone.
‡ P < 0.01 compared with grafts with MSCs+ECFCs.
with ECFCs (SI Appendix, Fig. S16 ). This dual MSC localization coincided with a differential expression of perivascular markers, including PDGFR-β (Fig. 6 A and B) . After 7 d in vivo, 43 ± 12% of MSCs that were coseeded with ECFCs expressed PDGFR-β (Fig. 6B) . In contrast, both the absence of ECFCs and the inhibition of PDGFR signaling significantly reduced the percentage of PDGFR-β + MSCs (17 ± 3% and 19 ± 3%, respectively; Fig. 6B ). We also examined phenotypical and functional differences between perivascular and interstitial MSCs in vivo. To this aim, we obtained watMSCs from grafts that were implanted into GFP-SCID mice for 7 d. Retrieved watMSCs were then FACS-sorted into (i) GFP − /hCD90 + /PDGFR-β + cells (referred to as PDGFR-β + watMSCs) and (ii) GFP −
/hCD90
+ /PDGFR-β − cells (PDGFR-β − watMSCs) (Fig. 6C) . Of note, PDGFR-β − watMSCs acquired expression of PDGFR-β in culture (SI Appendix, Fig. S17 ), and thus it is important to separate PDGFR-β + /PDGFR-β − cells immediately after retrieval. Quantitative RT-PCR analyses carried out in noncultured cells confirmed the perivascular/interstitial dichotomy of the sorted MSCs. Hierarchical clustering revealed that PDGFR-β + watMSCs were similar to human smooth muscle cells (SMCs) and expressed high levels of the perivascular markers PDGFR-β, SM22, α-SMA, and MYH11 (Fig. 6D) . Meanwhile, the transcriptional profile of PDGFR-β − watMSCs resembled that of normal human dermal fibroblasts (NHDFs), including higher expression of PDGFR-α, desmin, and Ang1 (Fig. 6D) . Importantly, perivascular PDGFR-β + watMSCs retained CFU-F activity (Fig. 6E ) and differentiation potential (Fig. 6 F and G) that was superior to PDGFR-β − watMSCs. The loss of stem cell properties in PDGFR-β − watMSCs occurred despite the fact that these cells acquired PDGFR-β expression in culture, indicating that in vitro PDGFR-β expression per se is not reflective of stemness. Indeed, only PDGFR-β + watMSCs were able to differentiate along the adipogenic lineage (h-vimentin + /perilipin-A + cells) upon transplantation into secondary mice. In contrast, PDGFR-β − watMSCs derived from primary implants had completely lost their capacity to differentiate into human adipocytes in secondary grafts (Fig. 6G) .
Discussion
In the present study, we used xenograft models of human cell transplantation to demonstrate that blood-derived ECFCs can function as paracrine mediators before the establishment of perfusion, modulating the regenerative potential of MSCs. We showed that ECFC trophic support of MSCs was driven by PDGF-BB/PDGFR-β signaling. PDGFR-β + MSCs were highly dependable on PDGF-BB, and they preferentially resided in perivascular locations within the vascularized implants. Importantly, before the onset of vascularization and perfusion, cotransplanted ECFCs provided critical angiocrine factors needed to preserve PDGFR-β + MSC viability. This early angiocrine support ultimately enabled extensive engraftment and long-term lineage-restricted differentiation of transplanted MSCs.
Heterotypic interactions between ECs and MSCs are crucial in vascular development, and PDGF signaling is particularly critical as it regulates the perivascular recruitment of MSCs (16) . Indeed, both PDGFR-β and PDGF-BB ligand-null mice die prenatally from hemorrhage and lack pericytes throughout the entire microvascular beds (17, 18) . Postnatally, mounting evidence indicates that paracrine signals between ECs and MSCs are also essential for the proper functioning of various stem cell niches (19, 20) . In fact, the distribution of MSCs within postnatal tissues is related to their existence in vascular niches (21) . In culture, however, isolated MSCs are separated from ECs, and thus crosstalk between these two cell types is lost. Here, we demonstrated that rapidly restoring this heterotypic cellular interaction in vivo is crucial for proper MSC function. In our models of cell transplantation, short-term absence of angiocrine support produced an irreversible loss of regenerative potential in MSCs. Following cotransplantation with ECFCs, MSCs spontaneously dichotomized into PDGFR-β + and PDGFR-β − cells, acquiring distinct perivascular and interstitial cell phenotypes, respectively. Between these two subpopulations, only PDGFR-β + MSCs retained robust regenerative potential and were able to repopulate grafts in secondary animals. However, in the absence of early angiocrine support, the majority of PDGFR-β + MSCs underwent apoptosis soon after transplantation, leading to grafts with no differentiated donor cell contribution. Blocking PDGF signaling produced a similar effect. Hence, our study underscores the importance of maintaining MSC-EC proximity. Cotransplanting ECFCs in conjunction with MSCs was proven an effective means to prevent premature apoptosis of PDGFR-β + MSCs. An alternative to the provision of ECFCs would be to attain EC-derived trophic factors via recruitment of host ECs. However, we showed that apoptosis of PDGFR-β + MSCs preceded the infiltration of host vasculature into the implants, and thus the initial provision of ECFCs was indeed critical. Also, although simply adding exogenous PDGF-BB reduces MSC apoptosis, unregulated provision of PDGF-BB in vivo could be detrimental and produce vascular regression (22) . This regression does not occur with ECFCs, which can modulate in a timely way the delivery of PDGF-BB and other paracrine factors during their interaction with MSCs.
From a translational standpoint, our results suggest the use of ECFCs as a means to improve the outcome of MSC transplantation. Currently, there are hundreds of MSC-based clinical trials registered at https://clinicaltrials.gov targeting a plethora of conditions, including cardiovascular diseases and immune-mediated disorders. However, none of these clinical trials incorporate ECs as therapeutic agents because most investigators have resisted using two or more different cell types, which increases the complexity of phase I studies exponentially. The reality is, however, that despite tremendous advance in our knowledge of human MSC biology, conclusive evidence of any therapeutic efficacy of MSCs remains elusive and continues to be debated (23, 24) . The lack of efficacy has been attributed to multiple factors, including insufficient understanding of pharmacokinetics of the administered cells. Numerous preclinical studies have shown that i.v.-infused MSCs primarily embolize in the lungs and other nontarget organs (25, 26) . Nevertheless, most trials continue to infuse MSCs systemically, which likely produces insufficient cell engraftment at target sites. Whether MSCs can promote tissue repair without targeted engraftment, via secretion of trophic factors, remains a subject of investigation (27) . However, whatever effects embolized MSCs may exert on distant tissues appear to be short-lived and directed to exploit nonprogenitor MSC functions. Certainly, controlling engraftment and differentiation of locally transplanted MSCs remains a major challenge (23) . Here, we reason that the lack of appropriate MSC-EC interaction could explain the low engraftment efficacy observed in single-cell transplantation models as well as in clinical trials. In our xenograft models, we demonstrated that a transient lack of EC proximity is sufficient to impair the progenitor function of transplanted MSCs, compromising their long-term regenerative capacity. We found that simply cotransplanting ECFCs into the grafts provides sufficient trophic support to MSCs before the onset of perfusion and via secretion of angiocrine factors, including PDGF-BB.
Finally, the ubiquity and multilineage differentiation potential of MSCs have been intensively debated in recent years. Human
MSCs are ubiquitous and reside in a broad range of tissues as perivascular cells, including the bone marrow, adipose tissue, and skeletal muscle (21) . Ex vivo, under controlled culture conditions, most perivascular MSCs display multilineage differentiation potential, independently of their anatomical origin (28) . However, in vivo studies have often indicated a more lineage-restricted potential. Thus, whether MSCs possess multilineage potential in vivo remains unclear. Our data indicate that multipotency ex vivo does not reflect how MSCs will function in vivo and that transplanted MSCs display linage-restricted potential that is related to their tissue of origin. For example, despite the fact that both watMSCs and bmMSCs displayed multipotency ex vivo, only watMSCs contributed substantial differentiation along adipogenic lineage in vivo. Similarly, bmMSCs, but not watMSCs, contributed ectopic differentiation along osteogenic lineage. Importantly, both watMSCs and bmMSCs had a similar capacity to support vasculogenesis in vivo, and thus the fate-restricted characteristics of these cells were not attributable to differences in vascularization potential. Further studies should identify the mechanisms that regulate fate restriction in human MSCs as well as strategies to reeducate MSCs and enable their differentiation along desired lineages. Certainly, additional insights into the biological attributes of MSCs should result in a more rational exploitation of their therapeutic potential. In light of our results, we propose the systematic use of ECFCs as a means to support MSC engraftment. Whether and how signals from ECFCs influence the fate-restricted characteristics of MSCs remains to be investigated.
Materials and Methods
Animal experiments were conducted under a protocol approved by the Institutional Animal Care and Use Committee at Boston Children's Hospital. Human normal discarded subcutaneous white adipose tissues were obtained in accordance with an Institutional Review Board-approved protocol. Experimental methods are described in detail in SI Appendix.
